Harnessing nuclear fusion is a challenging task, in particular because of the demands put on the used materials. In tokamaks, future energy sources, the inner-most chambers are to be coated with dense coatings of W, or W-Cr-based alloys. So far, the attempts for such coatings formation by other methods failed due to oxidation, high porosity, insufficient adhesion, high specific surface, or even insufficient thickness below 10 µm. Cold spraying seems a promising technology for the task. In our study, we demonstrate the first successful fabrication of thick pure W coatings. W-Cr and W-Cr-Ti coatings were further prepared without oxidation of the metals. All coatings exhibited high hardness levels, good interface quality with three tested substrates and, importantly, a promising potential for formation of stable Cr 2 WO x phases.
Introduction
Nuclear fusion is a process in which two or more light atomic nuclei combine to form a different, heavier nucleus and subatomic particles, neutrons or protons. Due to the difference in the binding energy of the nuclei, a significant amount of energy is released in the reaction (an amount surpassing even that of nuclear fission). The reaction that is currently considered the most promising for future power production is fusion of two hydrogen isotopes, deuterium (D) and tritium (T):
Combining these leads to formation of helium atoms carrying 3.5 MeV energy used to further heat the fuel, and free neutrons having energies of 14.1 MeV. This energy is used for breeding of tritium as well as the energy production. In order to achieve positive energy balance, it is necessary to ensure a sufficient frequency of these reactions (collisions of D and T). This translates into the requirement to keep the fuel at sufficiently high temperatures and concentrations for sufficiently long times [1] [2] [3] . Meeting these criteria, tokamaks are torus-shaped fusion facilities where the plasma is confined using magnetic fields. They represent an inherently safe and relatively cheap energy technology (considering the abundance of fuel) that produces radioactive waste with relatively short half-life. An illustration of a tokamak vessel is provided in Figure 1 . In these reactors, the materials will be subjected to extreme thermo-mechanical or radiation conditions and required to sustain functionality for prolonged periods of time. To get a basic insight, the plasma housed in the tokamaks could reach temperatures up to 10 8 • C due to its density and amount of stored energy. Despite the plasma being confined by the strong magnetic fields preventing a direct contact, the selection of refractory materials for the so called plasma-facing components (PFCs, [1, 2] ) presents one of the major challenges in the surface engineering of the components used for construction of the tokamak vessel. In the recent years, the studied materials for the PFC armor included variations of graphite (mostly in a form of carbon-reinforced carbon) or beryllium (later rejected due to its toxicity), while low-activation steels such as EUROFER were used for the PFC structural frame.
Tungsten and its alloys have many favorable properties, such as high melting point (T m = 3422 • C for pure W), thermal conductivity superior to the structural steels, low erosion (i.e., high energy threshold to suffer from sputtering) as well as low tritium retention. Understandably, pure tungsten is therefore intended to be applied in the lower part of the reactor vessel, so called divertor region ( Figure 1 shows such solution for the tokamak ITER), while tungsten alloys are planned for the remaining surfaces of the so called first wall. Unfortunately, the processing of PFCs is complicated by tungsten's inherent brittleness (high ductile-to-brittle transition temperature), poor weldability and machinability, thermal expansion coefficient mismatch with the structural steels, or susceptibility to grain growth and to oxidation above 500 • C.
At normal vessel operation, the latter factor should not present an issue as the entire system is vacuum tight. However, bearing in mind the safety aspects, an extensive oxidation triggering formation of volatile oxides would present a major threat in case of an accident such as loss of coolant and simultaneous air ingress into the reactor vessel. Interaction of oxygen with tungsten at high temperatures leads to formation of WO 3 that is highly volatile. During reactor operation, the tungsten will be activated by the high energy neutrons and thus, without any risk mitigation, large amounts of radioactive WO 3 might be dispersed into the surrounding. Such safety concerns led to development of self-passivation tungsten alloys via addition of various oxide-forming elements, triggering a formation of protective oxide scale upon exposure to air. For instance, significant improvement of oxidation behavior have been achieved with W-Cr-Y and W-Cr-Ti systems [5, 6] .
Ideally, the chromium content should be evenly distributed throughout the tungsten matrix in a form of a solid solution. This is, however, complicated due to the miscibility gap limiting the maximum chromium concentration in the solid solution ( Figure 2 ). Another complication is the fact that fabrication of pure W and W-Cr bulk alloys via traditional metallurgy routes is very difficult. Aside from the economic aspects (mind the very high melting temperatures), the reactivity of both metals with oxygen presents a major problem, as well as the fact the the melting point of W is above the boiling point of Cr (2672 • C). Given that, the research focus is shifting toward the potential of surface engineering methods/manufacturing techniques. This field is largely unexplored and a lot of effort will be needed to provide perfect armor coatings for the W-based components. At the moment, there is a critical need for a robust, simple and cost-effective technology that would ideally sidetrack the need for welding. Cold spray is one such technology. It is a commercially available, high-throughput, large-scale and versatile process capable of fabricating protective coatings directly onto structural parts. This presents yet another potential advantage as the armor coatings could be produced directly onto the first wall surface, without a need for second technological step such as joining or welding. Importantly, cold spray is a single-step technology that does not require (except for final surface machining) any subsequent technological procedures such as heat treatment. As noted by Pintsuk [2] , the tungsten compacts furnace-sintered from powders at 2500 • C still possess 80% of the bulk density. Again, this is resolved by cold spraying as the method allows pore-free coating formation (a significant improvement over e.g. plasma spraying). Using kinetic energy in lieu of thermal input, the method is particularly suitable for deposition of metals [8, 9] . As opposed to thermal spray processes such as plasma spray or HVOF, the temperatures involved in this process remain relatively low, thereby effectively eliminating oxidation of the materials. In cold spray, the metallic particles are accelerated to high velocities and adhere to the underlying material by means of extensive plastic deformation upon impact. By subsequent movement of the torch over the prepared surface, a coating is formed.
Cold spraying of tungsten is a challenging task. Up to date, no pure W thick coating was successfully fabricated, with some of the results showing a one-layer structure formed owing to the relative substrate softness (embedded particles). As a workaround, mixing of the tungsten phase with other, more malleable and ductile elements can be used. This is frequently combined with enhancing the coating properties by a targeted selection of the ductile matrix that contributes to the desired application properties. Even then, the studies employing such concept are limited in the literature and involve successful depositions of W-Cu by Kang and Kang [10] and Deng et al. [11] , W-Ni-Fe by Xia et al. [12] , and low tungsten content in W-90Ta coatings by Barnett et al. [13] only. Considering their excellent wear properties, a significantly broader series of studies involved the research of cemented carbides in a form of WC-Co [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , WC-Ni [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , WC-Co-Ni [42] , WC-Co-Cr [31, [43] [44] [45] , or WC-Cu-MoS 2 [46, 47] . Unfortunately, the carbides could not be used for PFCs and so we could not built on these results.
Considering the limited outputs on W-based materials processed by cold spray and the fact that cold spray technology is apparently rather unfamiliar to the nuclear fusion sector, the focal point of the presented study is to prove that pure W and W-based coatings can be produced by the technology, with high quality ensuring a potential application in nuclear fusion industry.
Experimental Setup

Materials
In order to aid in our understanding of the process, three different commercially available tungsten powders were used in the study. Their respective particle size ranges were classified into 20-28 µm, 10-15 µm, +20 µm. The chemical purity of the powders was indicated as 99.95%. The used −30 µm flaky chromium powder was fabricated via pulverization method (US Research Nanomaterials, Houston, USA) with purity indicated as 99.5%. Lastly, plasma atomized titanium powder of the sieve range 15-45 µm and 99.5% purity was used in some combinations (Advanced Powders & Coatings Inc., Boisbriand, Canada).
Taking advantage of powder metallurgy routes, six different series of feedstock were prepared from the primary powders, as listed in Table 1 . Pure W (for coating A), to manifest that thick W coatings can be deposited by cold spray technology at its current state-of-the-art. Further, a blend of W and 10% Cr (coatings B, C; weight percentages are used throughout this paper) was prepared, a combination that could be of interest to fusion science owing to its oxidation behavior. Thirdly, blends of W and 5% Ti (coating D) and W and 10% Cr and 5% Ti (coating E) were produced to observe the improvement in the coating build-up and density by exploiting the ductile binder phase phenomenon in cold spray. The last coating (F) was produced by mechanically alloying of W and 12% Cr powders (Pulverisette 5 premium line, Fritsch, Idar-Oberstein, Germany), after which 5% Ti was blended into the mixture. In the milling, a WC-based milling jar and balls were used with the ball-to-powder ratio of 3.5:1. Protective argon atmosphere was used. The milling parameters were set as 100 rpm and 15 h. The milling process was then interrupted and resumed for another 25 h at 120 rpm. The final feedstock morphologies are shown in Figure 3 , along with a cross-section microstructure of the milled powder used for coating F. In this powder, the W and Cr content formed layered alternating lamellae, i.e., the powder offered an extended mutual contact interface between the two metals. Due to the dissimilar densities of the constituents, the blending process of each blend B-F was carried out for at least four hours using a horizontal jar mill. The powders were not heated prior to deposition. Table 1 . Six different W-based feedstock materials cold sprayed in this study. Note that three different substrates were used in order to assess the influence of the materials' relative hardness. To tackle the phenomenon of difficulty of thick W coatings formation (discussed in studies [10] [11] [12] ), three different substrate materials were used. These included a relatively soft Al 6060 alloy (62 HV1), medium-hardness stainless steel AISI 304 (232 HV1), and relatively hard steel 1.1191 (ferrite-pearlite steel with 0.42-0.5% C, 278 HV1). Considering the hardness differences, the interface observations will aid in our understanding of the W-based coating formation process. In coatings B, C, the dark phase is chromium, in coating D titanium. In coatings E, F, titanium is darker than chromium; see the EDX mapping of the two coatings in Figure 5 for more magnified view.
Coating Annotation
Cold Spray Deposition
Prior to deposition, KSS software (version 1.4.0, Kinetic spray solutions, Buchholz in der Nordheide, Germany) was used to simulate the spray conditions and obtain the parameters required to deposit the W coatings. Given the average particles sizes of the used W powders and the geometry of the used torch nozzle, average particle velocities of v p = 601 m·s −1 were achievable. In turn, this triggered the need to use very high spray parameters.
The deposition was therefore realized using a high-pressure system 5/11 from Impact Innovations GmbH (Rattenkirchen, Germany). The torch is capable of achieving the pressures of 5.0 MPa and temperatures of 1100 • C of the nitrogen main process gas. Fine-tuning of the spray parameters for the pure W, or blended or mechanically alloyed (metallurgically bonded) feedstock was realized. Aside from the W-based combinations (B-F), the high torch parameters showed to be crucial in the deposition of pure W (coating A). The in-flight particle velocity of pure W reached 780 m·s −1 (an average measured from 1000 particles).
The AISI 304 steel substrates were grit-blasted prior to deposition. An area of 30 × 20 mm 2 was sprayed on the 1.1191 steel, an area of 40 × 30 mm 2 on the AISI 304 and an extended area of 80 × 300 mm 2 on the Al 6060 substrates. No secondary treatment of the samples (e.g., heat-treatment or HIP consolidation) was carried out after the deposition.
Coatings Characterization
Given the rather dissimilar properties of the used materials, a specific methodology was used for the preparation of metallographic samples. After the grinding and polishing using 1 µm diamond paste, the samples were further processed in OPS (colloidal silica) for extended times of 24 h in vibratory polisher (Vibromet 2, Buehler, Lake Bluff, USA).
The cross-section specimens were then used for SEM imaging (Evo MA 15, Zeiss, Oberkochen, Germany) realized in back-scattered electron (i.e., atomic number sensitive) mode at short work distances 6-8 mm. EDX analyses and mapping were realized using Quantax SDD XFlash 5010 detector (Bruker, Billerica, USA). Phase composition was determined by Rietveld refinement of the acquired XRD spectra (D8 Discover, Bruker) equipped with 1D LynxEye detector. Hardness of the materials was measured at 100 gf and 300 gf (coatings) and 1000 gf (substrates) load and dwell times of 10 s using Q10A+ universal hardness tester (Qness, Golling an der Salzach, Austria). At least 12 valid measurements were included in calculation of the average.
Elastic properties of the coatings were further determined by measuring ultrasonic waves velocities by through-transmission method [48] . For each coating, a ∼300 µm thick sample was cut so that the thickness of the sample was parallel to the spraying axis. Individually, the samples were then inserted between two longitudinal wave ultrasonic transducers (Ultran DCB25-10 with 10 MHz nominal frequency) and the velocities of quasi-longitudinal waves v qL were obtained by measuring times of flight of the ultrasonic waves propagating through the samples. Similarly, transverse waves transducers (Ultran SRD25-2 with 2 MHz nominal frequency) were used to measure the velocities of quasi-transverse waves v qT . The elastic coefficients of c 11 and c 44 were determined as
where ρ is the density of the coatings [49] . Moreover, Young's moduli E and Poisson's ratios ν were calculated from these values, utilizing the standard conversion formulae for elastic moduli [50] .
The propensity of the coatings to oxidation was evaluated by exposing the coatings to air atmosphere at 1000 • C. For these, samples with the base of 5 × 5 mm 2 were cut. To study the development at the interface, the substrates were not removed from these. No surface polishing was applied. The experiments were performed in a high temperature furnace using synthetic air (20.9% O 2 , 78.8% N 2 , 3 ppm H 2 O). The heating rate to the final oxidation temperature was 5 • C·min −1 and the hold time at the oxidation temperature was 10 h. A subsequent cooling to 700 • C was then conducted at a controlled rate of 5 • C·min −1 , followed by free cooling to room temperature. Such conditions are somewhat more severe as compared to those the materials will be subjected to during steady state operation conditions (500-600 • C). However, their selection was made to simulate the case of LOCA (loss of coolant accident) where the temperatures could increase to 1000-1200 • C due to radioactive decay. As the most important information for any future coating optimization is the prospective formation of non-volatile oxides stable above 1000 • C, XRD was selected as the evaluation tool, with the obtained spectra processed by Rietveld analysis [51] for quantification of the oxidation products. In these test, the latter coatings D-F containing 5% Ti were used only. The selection is based on the fact that these coatings exhibited a significantly higher deposition efficiency, a rather critical condition considering the intended application of the technology for the large-scale first wall in tokamaks.
Results and Discussion
The microstructure of the fabricated cold sprayed coatings can be seen from Figure 4 . The pure W coating reached average thickness 78 µm and appeared dense along its entire length. The tungsten particles embedded into the relatively soft Al 6060 substrate were less deformed as compared to the particles deposited by the subsequent torch passes. Demonstration of such tamping effect [52] [53] [54] is a consequence of decreasing deposition efficiency, as shown by Xie et al. [55] . The W-10Cr coatings B and C exhibited similar tamping phenomenon towards the free surface, with the coating C experiencing higher overall level of particles spreading. This could have been triggered by two factors: deposition onto harder steel substrate and repeated delamination of portions of the coatings upon the spraying (evidenced by surface view SEM examination), exposing the previously deposited material to further particle impingement. The thickness of coatings B and C exceeded 200 µm and, importantly, the chromium content in both coatings was distributed evenly. In both cases, however, the overall deposition efficiency was rather low (this could be improved in the near future as first studies on a successful deposition of Cr were presented recently [56] ) and the mutual cohesion of the particles was not flawless as cracks spanning several particles were observed in the microstructures. This led to the idea of adding a binder material to the blends. Considering the half-lives and ease of sprayability, and taking into account the fact that it had been used in self-passivation alloys previously [57] [58] [59] , titanium was selected as the prime candidate over Al, Ni, or Cu.
The coatings containing 5% titanium exhibited significantly improved, crack-free microstructure. The principle exploited here is the ductile binder aiding in the adherence of incoming tungsten (and chromium) particles, as in the studies [10] [11] [12] [13] . The coatings easily reached thicknesses from 450-1100 µm and experienced no troubles with deposition efficiency. The tamping effect observed for coatings A-C was not manifested. Again, the chromium and titanium contents were distributed evenly throughout the entire thickness and, in the case of coatings D and E, prevented excessive deformation of the W particles. The effect of mechanical alloying of the W and Cr powders in coating F can be nicely seen in comparison with the mixed-only blend of coating E ( Figure 5 ). The individual W particles were in fact layered alternating lamellae of W and Cr, a microstructure inherited from the feedstock powder. Such finer microstructure of the particles could contribute to oxidation resistance of the coatings by shortening the diffusion path of oxide scale forming elements. The microstructure of coatings E and F seems very promising towards formation of chromium-based oxides. The interface quality of the six produced coatings is shown in Figure 6 . Non-deformed (slightly deformed) particles could be clearly seen at the interface of coatings A and B and the Al 6060 alloy substrate. Preservation of the original morphology of the particles is due to the embedding phenomenon commonly encountered in cold spraying onto soft substrates. Contrary to this, the coating C deposited onto relatively hard steel 1.1191 exhibits a significant ratio of particle flattening directly at the interface already. Somewhat in between these in terms of plastic deformation of the first layer of particles are coatings D-F deposited onto medium hardness AISI 304 steel (note that the deformation of particles in coating F stems from the powder milling process). Overall, the interface quality of all coatings is very good, with only minor imperfections observed infrequently. This result is very promising and suggests a potential of the cold spray method for the fusion applications. Figure 6 . Interface of the produced cold spray coatings and underlying substrates. Al 6060 alloy was used for coatings A and B, relatively hard steel 1.1191 for coating C and medium hardness AISI 304 steel for coatings D-F.
Owing to the particle impingement principle, the surface of all coatings was relatively rough as compared to e.g. PVD or CVD processes. Their high specific surface area (in the as-sprayed condition) could potentially lead to unfavorable susceptibility to plasma particle erosion, triggering contamination of the plasma by the eroded tungsten content, yielding the coatings unsuitable for PFCs. However, this does not present a major problem as metallic cold sprayed coatings are easily machinable [60] by e.g. turning or milling. Thereby, the surfaces could be smoothed to a specified roughness without jeopardizing other coating properties.
In the literature, four sources pertaining to tungsten-based cold sprayed coatings can be found. In 2003, Kang and Kang [10] presented cold spraying of agglomerated (milled) W-25Cu composite powder. The starting feedstock W particle sizes were very small, ≤1 µm, while the copper was ≤45 µm. The final powder was classified into ≤75 µm range and preheated to 470 • C prior to spraying using nitrogen at 37.27 MPa (this reported datum actually may be too high, a value of 3.727 MPa would seem more probable at this state of CS technology development). The final coating thickness reached 600 µm and the retained W content dropped to 37%. This is significantly higher W phase loss than in our study, probably due to lower spray parameters used. Also, a formation of porosity was observed in their study, but the values remained fairly low, from 0.5-1.0%. Understandably, the pores were mostly found around the W-rich regions in the coatings. Sixteen years later, the same materials combination was sprayed and its wear resistance was studied by Deng and co-workers [11] . In their study, three different W contents were used: 30, 50, and 70%. Again, these were formed using a very small W feedstock (≤3 µm) and relatively big copper particles (15-53 µm) blended together for 15 h. Upon spraying with air at 500 • C at feedrates of 2.3-3.1 kg·h −1 , the coatings exhibited declining thickness with increasing W content, reaching a total of 710 µm, 220 µm, and 35 µm. Importantly, the thickness reduction was triggered even though the final W phase content in the coatings was dramatically reduced, yielding 12% and 19% of W only for the original 30% and 50%W powders. The W content for the coating from 70%W powder was not provided. Interestingly, there was a major disagreement between their study and the study of Kang and Kang [10] : while the former study suggested a decreasing 2-5% porosity content with increasing W content (explained by the tamping effect of non-bonded brittle W particles), Kang and Kang observed a completely inverse trend (explained by insufficient energy of incoming W particles). We speculate here that the difference could be caused by the different feedstock preparation routes (blend vs. agglomerated composite). Still, considering that the used spray parameters of the latter study are actually stronger, this interesting discrepancy well illustrates the somewhat uncomprehended nature of deposition of difficult-to-spray materials.
Another study performed by Barnett and colleagues [13] presented spraying of refractory mixtures to form donor tubes for explosive cladding. In their study, they used tantalum as the binder phase and a fairly low content of W (10%). Again, the tungsten powder was rather small (5 µm, cf. the 10-15 µm and ≥20 µm sizes of the W powders in our study), suggesting its better suitability for cold spraying at lower parameters. Using (expensive) helium at 400 • C and 2.5 MPa, they successfully managed to deposit coatings with thickness exceeding 1.5 mm (and subsequently remove the substrates by machining, thereby forming free-standing parts). Given the rather high content of the binder matrix, they reached deposition efficiencies as high as 85%.
The study closest to ours in terms of W content was made by Xia and co-workers [12] in 2016. In their study, the binder matrix was a combination of nickel and iron at two different ratios: 17.5Ni + 7.5Fe and 4.9Ni + 2.1Fe (yielding 75% and 93% of W in the feedstock, respectively). This time, the feedstock powders were all very small (3-10 µm W, 2-5 µm Ni, 2 µm Fe) and were co-milled for 12 h. Prior to spraying, the powder was heated to 630 • C to soften and then sprayed using air at 2.5 MPa. The W content in the final coatings (30% and 64%) was comparable to the mixed feedstock results in our study and the porosities were rather low (0.2-0.7%). The coating thickness reached up to 1.9 mm and the exhibited good adhesion (≥32 MPa according to ASTM C-633 standard).
The elemental analysis and EDX mapping of our samples showed significant difference in the chemical composition of the coatings as compared to the starting feedstock. The difference in the W/Cr/Ti ratios is caused by a selective deposition of the individual constituents. This is, in turn, triggered by different densities of the three metals, their different particle sizes and morphologies, and also their individual crystallographic lattices (manifested in their deformability). The chromium levels in coatings B and C were 26% and 52%, respectively. In combination with more deformed particles, the somewhat higher Cr content in the latter coating suggests more difficult W deposition from the process beginning that may be attributed to the harder steel substrate. In coating D, the initial W/Ti ratio of 95/5 changed to 76/24. This is, again, given by the selective deposition of the two constituents. Even though the higher Ti content does not present any major complication for the PFCs per se, a future experimental work is planned to reach a lower ∼10% Ti content in the final coatings. The composition of coatings E and F was very similar, with both retaining 45 and 51% of tungsten upon spraying, respectively. However, they differed slightly in the Cr/Ti ratio (28/27 vs. 18/31) . This could be a consequence of the chromium content either inserted in its original pulverized form (i.e., relatively free of deformation) or in the form of a mechanically alloyed particles (i.e., with very high dislocation density and partially depleted of ductility). Importantly, the coatings were not oxidized and retained metallic coloration. Upon a long-term EDX mapping, a slight oxygen content was observed to follow the Cr particles in the coating (absent for W and Ti particles). This is related to the same oxygen indication in the feedstock Cr powder, i.e., it is not attributed to the spray process. The absence of oxides is in accordance with the previous studies on CS deposition of W [10] [11] [12] [13] and was further confirmed by the XRD process where the detected elements were confirmed as pure. The non-oxidized state is a prime advantage of the cold spray method over the other processes such as plasma spraying or HVOF, meeting the stringent criteria imposed by the fusion community on the armor coatings for the first wall in tokamaks.
The measured hardness of the coatings corresponded to their chemical composition ( Table 1 ). The lowest hardness was recorded for the samples with the lowest W content (C, E). Similarly low content was recorded in the coating F. However, in this case, the pre-spray milling operation led to a significant increase in the hardness. The increase was caused by the increased dislocation density triggered by the cold working endured within the milling process. This suggests that the coating hardness can be increased by the feedstock milling; importantly, this can be achieved without compromising the tungsten component content (given the rather similar W levels in coatings E and F). Naturally, the coatings with the high W content (A, D, B) exhibited highest hardness values (504 HV0.1, 444 HV0.3 and 410 HV0.3, respectively). Comparing the obtained results with the two studies that measured hardness of W-based cold sprayed coatings [11, 12] , one can see a trend of increasing hardness with increasing W content (Figure 7) . Interestingly, this is somewhat irrespective of the binder matrix material (Cu [11] , Ni + Fe [12] , Cr + Ti in our study), suggesting a dominant role of W in this property. In accordance with our results, the coatings fabricated from milled feedstock in [11] reached higher hardness values. Hardness of the coatings from our study and two studies by Deng et al. [11] and Xia et al. [12] . There is a clear trend of increasing hardness with increasing W content (disregarding the different binder phases). The milled feedstock clearly reaches higher coating hardness values as opposed to the blended-only powders. The hardness in the graph is HV0.3 with the exception of the study [11] (HV0.05) and the coating with 100% W from our study (HV0.1).
The measured values of longitudinal (∼4300 m·s −1 ) and transversal (∼2200 m·s −1 ) waves propagation in the three Ti-containing coatings D-F (Table 2) are approximately 20% lower than those in pure polycrystalline bulk tungsten (indicated as 5220 m·s −1 and 2890 m·s −1 [61] ). The waves propagation measurement allowed to determine the elastic constants of the three coatings. The density of the coating D was found to be higher, mostly because of the high W content ( Table 2 ). The two coatings E, F differed only slightly as their chemical content was similar. Considering the theoretical moduli of the bulk W, Cr, and Ti (406 GPa, 248 GPa and 120 GPa, respectively [61, 62] ) and the average composition of the coatings D-F, their theoretical average values should reach 392 GPa, 303 GPa, and 289 GPa. However, the measured moduli of the coatings are in general lower than these values, reaching 50-55% only ( Table 2 ). Such reduced stiffness would suggest an imperfect bonding of the individual particles, potentially leading to elastic anisotropy in mechanical properties [63] . The determined waves propagation velocities of the three coatings are similar and do not exhibit any significant differences in either direction. That said, the differences in the elastic moduli of the three coatings are given by their different average densities rather than different mechanisms. A preliminary oxidation test was carried out to evaluate the potential of the coatings to mitigate formation of WO 3 , yielding them suitable as the armor coatings for the fusion application. Upon exposure to air at 1000 • C for 10 h, the coatings D-F were completely oxidized. As expected, the coating D without chromium content prompted a severe oxidation of the tungsten, giving rise to formation of 78% of WO 3 oxide and 22% of TiO 2 (rutile). Given the expansion of W upon oxidation, such results would not be suitable for the application and could potentially jeopardize the integrity of the reactor. The two combinations with Cr content (E, F) showed an interesting (desired) potential to significantly suppress the WO 3 formation, all the way to 38% and 34% content only, respectively. That said, the finer microstructure of the W and Cr particles in coating F brought only a slight improvement (a difference of 4% of WO 3 as compared to the coating E from mixed-only feedstock). In both cases, the decrease was triggered by a formation of Cr 2 WO 6 and Cr 2 WO 3 chromium-tungstate oxides (9% and 8%, respectively). Such complex oxides could be formed by a reaction of WO 3 and Cr 2 O 3 . The latter actually forms a volatile CrO 3 in the 1000-1200 • C region. As such, more detailed oxidation experiments are planned to understand the formation mechanisms, kinetics, and evaporation rates.
Conclusions
In our study, we presented a cold spray deposition of thick W and W-based coatings to be potentially used as a first wall armor in nuclear fusion. As opposed to other considered processes, the method presents a simple, one-step, commercially available technology capable of rapid covering of large-scale surfaces with coatings spanning hundreds of microns in thickness.
Owing to the observed good interface quality with the substrates, it should be trouble-free to securely and easily machine the coatings by turning or milling, without the requirement for any post-process technological steps. As we have shown, the materials are relatively hard, oxide-free and contain levels of tungsten that were never reached before (in fact, 100% pure 80 µm tungsten coating was deposited for the first time). The coatings possess elastic moduli lower than bulks, and their densities (and chemical composition) can be fine-tuned by the feedstock selection. Importantly, their oxidation behavior improved by the addition of Cr content.
Combined, the cold spray technology holds a great potential for application in the nuclear fusion sector. Given the promising results, our ongoing research efforts are, at the moment, aimed at further improvement of the microstructure and properties of coatings with lower Cr contents as well as advanced oxidation tests of smooth, machined surfaces.
